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WIND-TUNNEL STUDY OF SLOT SPOILERS FOR 
DIRECT LIFT CONTROL 

By Dominick Andrisani II, Garl L. Gentry, Jr., 
and Joseph W. Stickle 
Langley Research Center 

SUMMARY 

An investigation has been conducted in the Langley 300-MPH 7- by 10-foot tunnel to 
obtain data for a slot-spoiler direct lift control system. Slot spoilers are believed to 
have advantages over flap-type direct lift control (DLC) systems because of the small 
amount of power required for actuation. 

These tests, run at a Reynolds number of 1.4 x 10^, showed that up to 78 percent of 
the lift due to flap deflection could be spoiled by opening several spanwise slots within the 
flaps. For a given lift change the drag change was significantly less than that which would 
be obtained by a variable-flap DLC system. A nozzle-shaped slot was the most effective 
of the slot shapes tested. 


INTRODUCTION 

The need for improved flight-path control during approach and landing has spurred 
interest in direct lift control (DLC). Direct lift control allows the pilot to control lift and 
therefore flight-path angle without rotating the aircraft to a new angle of attack. This 
eliminates the time delay normally associated with rotation and greatly increases the 
pilot's ability to make quick flight-path changes. 

Many methods have been proposed for achieving DLC, such as symmetrically 
variable flaps, ailerons (refs. 1 and 2) or spoilers, boundary -layer control, and thrust 
vectoring. Most of these require costly and complex actuator systems to achieve 
control- surface deflection rates adequate for DLC. A need therefore exists for a sim- 
ple inexpensive DLC system. The slot spoiler has been suggested as a means of meet- 
ing this requirement. 

The slot spoiler consists of a spanwise slot or passageway cut through a trailing- 
edge wing flap near its leading edge. The slot provides a vent for air to pass from the 
high-pressure area on the lower flap surface to the low-pressure area on the upper flap 
surface. The jet of air emerges from the slot traveling nearly perpendicular to the air- 


flow over the flap and causes the flow to separate over the flap. In this way the slot 
spoiler can be used to reduce some portion of the lift generated by the flap. The slot can 
be designed to experience little or no aerodynamic hinge moments, whereas flaps or aile- 
rons have large hinge moments. As a result, the power required to actuate the slot 
spoiler is much less than that required to actuate flaps or ailerons. 

To provide two-way direct lift control, slot spoilers would initially be partially 
opened to spoil some flap lift and the aircraft would be stabilized on a flight path. Lift 
control would then be possible by symmetrically increasing or decreasing the slot open- 
ing. In addition, lateral control could be achieved by differential actuation of the slot 
openings. 

The data from reference 3 indicated that slot spoilers do, in fact, reduce flap- 
induced lift. The data, however, were not considered suitable for design of a control sys- 
tem because of the relatively low test Reynolds number, 0.41 x 10®. In order to expand 
the data of reference 1, the present tests were conducted in the Langley 300-MPH 7- by 
10-foot tunnel at a Reynolds number of 1.46 x 10®. 

This report presents longitudinal data for both plain flaps and single -slotted flaps. 
These flaps were tested at various deflection angles and a range of angle of attack from 
-4° to 16°. Parameters which were varied in the investigation include slot-spoiler width, 
shape, and chordwise and spanwise locations. 

SYMBOLS 


Figure 1 shows the positive directions of forces, moments, and angles used in the 
presentation of the data. Pitching moment was referred to the quarter chord of the model 
wing. 

Measurements and calculations were made in the U.S. Customary Units. They are 
presented herein in the International System of Units (SI) followed by the U.S. Customary 
Units in parentheses. 


wing chord, 38.1 cm (15.0 in.) 


-m 


drag coefficient, Drag ^ orce 


lift coefficient, 


Lift force 
qS 


pitching-moment coefficient, 


Pitching moment 
qSc 


distance from flap trailing edge to center line of slot- spoiler opening, cm (in.) 
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q 


free-stream dynamic pressure, 1915 N/m2 (40 lb/ft^) 
wing area, 0.813 m2 (8.75 ft2) 


relative wind velocity 

angle of attack of fuselage center line, degrees 
flap deflection angle, positive when trailing edge is down, degrees 
lift increment due to flap deflection 

change in drag coefficient ((c D ) slot ope n - ( c D)slot closed) 
change in lift coefficient ((C L ) slot open ' ( c L)slot closed) 
change in pitching- moment coefficient ((c m ) s i 0 t open - (c m )slot closed) 
width of slot-spoiler opening at upper surface, cm (ft) 

WIND-TUNNEL MODEL 

The model, which is shown in figures 2 and 3, was constructed of aluminum alloy 
and was sting mounted. The wing was of NACA 23012 airfoil section with a 213.4-cm 
(84.0 in.) span, a 38.1-cm (15.0 in.) constant chord, and an aspect ratio of 5.6. A body 
fairing extended 27.5 cm (10.8 in.) ahead and 10.9 cm (4.3 in.) aft of the wing. 

Two types of flaps having a span equal to 83.3 percent of the wing span were tested 
(fig. 4): a plain flap with chord equal to 28.9 percent of the wing chord and a single- 
slotted flap with chord equal to 25.6 percent of the wing chord. 

Located in both left and right wing flaps were three rectangular slots 27.2 cm 
(10.7 in.) long and 3.0 cm (1.2 in.) wide. The total slot length was 76.25 percent of the 
wing span. Maximum slot width available was 8.0 percent of the wing chord and could be 
decreased in increments of 1 percent chord. 

Slot width and shape were varied by placing inserts into the slots. The slot shapes 
were tested only on the single- slotted flap and are shown in figure 5. For discussion pur- 
poses, the slot shapes are referred to as rectangular, tapered, and nozzle. The three 
tapered shapes are referred to as taper 4, taper 3, and taper 2. Taper 4 had the largest 
lower surface opening and taper 2 had the smallest lower surface opening. These are 
illustrated in figure 5, where the upper surface opening of 0.01c is shown. 
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TEST CONDITIONS 


The investigation was made in the 7- by 10-foot test section of the Langley 300-MPH 
7- by 10-foot tunnel at a free-stream dynamic pressure of approximately 1915 N/m2 
(40 lb/ft2). The Reynolds number, based on wing chord and free-stream velocity, was 
approximately 1*46 x 10 6 . 

The plain flap was tested at deflection angles of 0°, 15°, 25°, 30°, and 35°. The 
single -slotted flap was tested at deflection angles of 0°, 15°, 30°, 35°, and 40°. Angle of 
attack varied from -4° to 16° in increments of 2°. 

Slot width for the rectangular slot was varied from 0.01c to 0.06c. For the tapered 
and nozzle-shaped slots, width varied from 0.01c to 0.05c. Slot width for all shapes was 
made greater by removing inserts on the trailing- edge side of the slot opening. The slot 
center line therefore shifted toward the flap trailing edge as the slot width was increased, 
unless otherwise specified. 

For a constant slot width of 0.04c, the slot center line (measured from the flap 
trailing edge) was varied from 0.24c to 0.20c for the plain flap and from 0.21c to 0.17c for 
the single -slotted flap. In addition, tufts on the upper surface of the wing and flap were 
observed on both flap configurations at 30° flap deflection and at an angle of attack ranging 
from -4° to 14° with slots closed and open to a width of 0.02c. 

Force and moment measurements and angle of attack were recorded for the various 
test conditions. No corrections have been applied to these data for blockage or tunnel- 
wall effects, since these have been found in reference 4 to be small. 

PRESENTATION OF RESULTS 

The data obtained in the investigation are presented in the following figures: 

Figure 


Effects of flap deflection 6 

Effects of rectangular -shaped slot spoilers on plain flaps 7 

Interference between lower wing surface and slot spoiler on plain flap 8 

Variation of changes of lift, drag, and pitching moment with slot-spoiler open- 
ing on plain flaps (a = 8°) 9 

Effects of rectangular-shaped slot spoilers on single -slotted flap 10 

Variation of changes of lift, drag, and pitching moment with slot- spoiler open- 
ing on single -slotted flaps (o; = 8°) 11 

Comparison of slot-spoiler effectiveness for both flap systems 12 

Effects of chordwise location of slot spoilers on plain flaps 13 

Effects of chordwise location of slot spoilers on single -slotted flaps 14 
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Figure 

Effects of spanwise location of slot spoilers 15 

Effects of slot opening for various slot shapes 16 

Comparison of slot shapes at various slot- spoiler openings 17 

Comparison of slot spoilers with variable-flap DLC system 18 


DISCUSSION OF RESULTS 

The discussion of data shows the effects of varying slot width, position, and shape 
on lift, drag, and pitching moment. The applicability of slot spoilers to direct lift control 
(DLC) is also discussed. 


Effects of Flap Deflection 

Figure 6 shows that the single -slotted flap was almost twice as effective at increas- 
ing lift as the plain flap. Most of the lift increase occurred for flap deflections between 
0° and 30°. Model vibration limited the maximum angle of attack to values below those 
necessary to fully define stall. 

Effects of Rectangular- Shaped Slot Spoilers 

Effects of slot- spoiler opening on plain flap .- On the wing with plain flaps the lift 
coefficient was substantially reduced when rectangular -shaped slot spoilers were opened. 
This result is shown in figure 7 for various flap deflections. The lift-curve slope is gen- 
erally slightly reduced as the slot is opened. 

As the slot spoiler was opened, the lift coefficient decreased for all slot openings 
except one. This exception (—■ = 0.01, 6f = 35°, fig. 7(c)j is believed to have resulted 

because the flow through the slot spoiler was inadvertently restricted. The reduced slot 
flow was believed to have been insufficient to induce separation of the flow over the flap, 
and instead, the boundary layer was energized. The result was an increase in lift. The 
restriction of flow through the slot was caused by the lower wing partially blocking the 
slot spoiler, as shown in figure 8. 

Effects of varying slot opening at constant angle of attack are shown in figure 9. 

The lift coefficient was reduced as much as 0.37. The greatest lift spoiling throughout 
the range of slot openings was at a flap deflection of 25°. Ideally, a DLC device should 
affect only lift, but in practice, this is difficult to obtain. As lift is spoiled with slot 
spoilers, drag is decreased and pitching moment is increased (nose up). 

Ay 

The irregularity of the curves in figure 9 at —7- = 0.01 is a result of the lower wing 
interference mentioned earlier. 
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Because the effects of slot spoilers were not investigated in the unique region 

Ay Ay 

between ■== = 0.01 and = 0, where flow through the slot spoiler is small, this region 

v L 

is shown dashed in figures 9, 11, and 12 to indicate greater uncertainty in line fairing. 

Effects of slot-spoiler opening on single -slotted flap.- Opening the rectangular slot 
spoilers on the wing with the single -slotted flap reduced the lift coefficient about 0.8 for 
all flap deflections tested (figs. 10 and 11). This lift spoiling was more than twice that 
for the same slot spoiler on the plain flap. As with the plain flap, the lift-curve slope 
was slightly reduced as the slot spoiler was opened. 

As the slot spoilers were opened at a constant angle of attack, lift and drag were 
reduced while pitching moment increased (nose up), as shown in figure 11. As with the 
plain flap, the greatest lift spoiling occurred at the smallest flap deflection tested. 

A comparison of slot-spoiler effectiveness on both plain and single -slotted flaps is 
provided in figure 12. Slot spoilers on plain flaps spoiled up to 60 percent of the flap- 
induced lift; and on single -slotted flaps, up to 74 percent. 

When the slot spoilers on single -slotted flaps were opened 1 percent chord, 50 per- 
cent of the lift was spoiled. This large change due to initial slot opening was not as 
noticeable on plain flaps. 

Effects of chordwise loc ation for the plain jllap.- Slot spoilers on plain flaps were 
most effective when located 0.23c from the flap trailing edge, and moving the slot center 
line either forward or rearward reduced the amount of lift spoiled. Lift spoiling at the 
most forward location tested was reduced by the lower wing interference. These results 
are shown in figure 13 for a constant slot width of 0.04c. 

Effects of cho rdwise lo cati on for the single -slotted flap.- The most forward slot 
center-line location which was tested on single-slotted flaps spoiled the largest amount of 
lift. Moving the slot center-line location rearward reduced the amount of lift spoiled. 
These results are shown in figure 14. 

Effects of spa nwise location.- Each semispan of the wind-tunnel model had three 
identical slot- spoiler sections at different spanwise locations in the flap, as shown in fig- 
ure 1. Each of the three sections was opened separately and it was found that the center 
and inboard slots spoiled the same amount of lift and that the outboard slot was only 
70 percent as effective as either of the other two. This is shown in figure 15 for the wing 
with the single -slotted flap. 

Tuft observati ons.- With slot spoilers either closed or open to a slot width of 0.02c, 
the flow over the plain flap was separated for the entire range of angle of attack. No 
appreciable difference between slot closed and open was observed upstream of the slot, 
especially near stall. 
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The flow over the single -slotted flap with slot spoilers closed was not fully sepa- 
rated up to an angle of attack of 10°. With the slot spoiler open to a slot width of 0.02c, 
flow over the flap was separated at all angles of attack. As with the plain flap, no appre- 
ciable upstream effects were noted. 

Effect of Slot Shape 

The effects of the various slot shapes, which are illustrated in figure 5, are shown 
in figures 16 and 17 for the single -slotted flap. 

The nozzle-shaped slot was the most effective of the slot shapes. The nozzle- 
shaped slot spoiled a lift coefficient of 0.85, or 78 percent of the flap lift, as shown in 
figure 16(d). This represents the largest lift spoiling found in the investigation and was 
obtained at the relatively small slot width of 0.03c. 

The rectangular slot shape is less effective than the other shapes at a slot width of 
0.01c, as shown in figure 17(a). 

Figure 16 shows that the maximum lift spoiling for taper 2 and the nozzle shape 
occurred at = 0.03. Tapers 3 and 4 spoiled maximum lift at = 0.05. All of the 
shape data showed that for a given change in lift, all shapes produced the same drag and 
pitching- moment changes. 

To determine the effects of closing the nozzle-shaped slot with a small barrier, a 
plug was inserted in the nozzle-shaped slot (fig. 5). The results, shown in figure 16(d), 
indicate that the nozzle with the plug slightly decreased lift and slightly increased drag 
and pitching moment compared with the single -slotted flap with no slot spoiler. 

Comparison of Slot Spoilers With Flaps for DLC Application 

Since much previous research has been done with variable -deflection trailing- edge 
flaps as a means of modulating lift, it is meaningful to compare the slot spoiler with a 
rapidly movable flap DLC system. 

When a DLC system is operated, changes in lift, drag, and pitching moment result. 
These changes were found for a slot spoiler and for a rapidly movable flap DLC system 
and are shown in figure 18 as a function of angle of attack. The slot spoiler was opened 
to a width of 0.06c at 6f = 30°. The data for the movable-flap DLC system were cal- 
culated from figure 6 by determining the number of degrees the flap would have to be 
moved from its initial 30° deflection to spoil the same amount of lift as was spoiled by the 
slot spoiler. 

Figure 18 shows that the changes in drag coefficient were significantly smaller with 
a slot spoiler than with the variable-deflection flap. The pitching moments with the two 
systems were about the same. 
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The main advantage of slot spoilers is that the slot- spoiler actuator could be 
designed to have no aerodynamic hinge moments and, therefore, would require little 
power. The flaps, on the other hand, experience large aerodynamic hinge moments and 
must be moved rapidly more than 20° to achieve the same amount of lift spoiling as with 
the slot spoiler. This would require a far larger amount of power. 

CONCLUSIONS 

A wind-tunnel study has been conducted to gain further information on the use of 
slot spoilers for direct lift control. The following conclusions are based on tests run at 
a Reynolds number of 1.46 x 10 6 . 

1. Slot spoilers used on a deflected flap provide a very effective rheans of controlling 
lift. Up to 78 percent of the flap-induced lift can be spoiled. 

2. The drag changes are significantly smaller with a slot spoiler than with a 
variable-deflection flap producing the same lift decrement. 

3. A nozzle-shaped slot spoiler is the most effective at lift spoiling. 

4. In general, moving the slot-spoiler center line rearward on the flap makes the 
spoiler less effective. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., December 15, 1971. 
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Figure 2.- Model planform. 




Figure 3.- Photograph of model in tunnel 



PLAIN FLAP 



(15.0 in.) 


SINGLE- SLOTTED FLAP 



Figure 4.- Flap types. 
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Figure 5.- Slot shapes. 
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Figure 7.- Concluded. 
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Forward slot partially blocked 



Figure 8.- Interference between lower wing surface and slot spoiler 

on plain flaps. 
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Figure 9.- Variation of changes in lift, drag, and pitching-moment 
coefficients with slot opening on wing with plain flaps. Rectan- 
gular slot; a = 8°. 


(a) 6 f = 30°. 

Figure 10.- Effects of rectangular slot spoiler on longitudinal aerodynamic 
characteristics of wing with single -slotted flaps. 
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Figure 10.- Concluded. 
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Figure 12.- Comparison of slot-spoiler effectiveness on wings with plain 
and single -slotted flaps. Rectangular slot; a = 8°. 
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Figure 14.- Effects of chordwise location of rectangular slot spoiler 
on longitudinal aerodynamic characteristics of wing with single - 
slotted flaps. 
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(a) Taper 4. 

Figure 16.- Effects of slot-spoiler opening on longitudinal aerodynamic 
characteristics of wing with single -slotted flap for various slot 
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Figure 17.- Continued. 
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(b) Single -slotted flap. 
Figure 18.- Concluded. 
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